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Introduction
T he conservation of populations covering large areas and across international boundaries often suffers from discrepancies between legal, biological and management units. International treaties and national laws define the legal status of species or subspecies. The biological units relevant for conservation, however, are populations or metapopulations, which may differ in regard to their status within a taxon's area or with respect to regulation. In addition, the administrative units where conservation or management measures need to be applied may only concern part of a population, leading to inconsistent management within a metapopulation.
Such problems are particularly difficult for the conservation of large carnivores, viable populations of which often have low densities across large areas and are usually transboundary. For example, 29 of 33 large carnivore populations identified in Europe lie across international boundaries (Linnell et al., 2008) . However, intra-national regions are often autonomous regarding wildlife conservation and management, and thus there is often a discrepancy between the strict legal protection of large carnivores at the national or international level and the weak enforcement of preservation measures at regional or local levels.
In Europe the expanding populations of wolf Canis lupus, brown bear Ursus arctos and Eurasian lynx Lynx lynx are protected by the Council of Europe's Convention on the Conservation of European Wildlife and Natural Heritage (Bern Convention) and the European Union's Council Directive 92/43/EEC on the conservation of natural habitats and of wild fauna and flora (the Habitats Directive). After endorsement, these treaties must be implemented by national and regional legislation. Certain reservations against the full protection of the species are possible upon ratification but the countries must strive for, and maintain, a 'favourable conservation status' of the species. Compilations of the species' legal and conservation status across Europe can be found in Boitani (2000) for the wolf, Swenson et al. (2000) for the brown bear, Breitenmoser et al. (2000) and von Arx et al. (2004) for the Eurasian lynx, and in the Species Online Information Systems at KORA (2009) . Linnell et al. (2008) presented an exhaustive discussion of the relevant international treaties and their consequences for the management and conservation of large carnivores. The review was undertaken by the Large Carnivore Initiative for Europe (an IUCN/Species Survival Commission Working Group), upon the request of the European Commission, to provide guidelines for the conservation and management of large carnivores at the level of populations and metapopulations. The aim was to translate the legal framework into biological terms and to identify the requirements for matching local/ regional management and transboundary cooperation with legal and biological demands.
We use the case of the Eurasian lynx in the Alps to discuss how to implement existing directives and recommendations, and also how to integrate biological concepts into practical conservation and wildlife management. The Alps provide the largest continuous habitat suitable for large carnivores in Central and West Europe but they are also the world's most intensively used mountain range and are, with seven countries and five languages, highly fragmented, both culturally and administratively. However, the Alps provide an interesting case study of the reintegration of large carnivores into a cultivated landscape and of transboundary cooperation.
Lynx were earlier eradicated from the Alps but, since 1970, have been reintroduced in Switzerland, Slovenia, Austria and Italy (Breitenmoser & Breitenmoser-Würsten, 2008) . In 1995 the first pan-Alpine review of the status of the lynx took place (Breitenmoser-Würsten et al., 1998) , giving rise to the Status and Conservation of the Alpine Lynx Population programme (KORA, 2009) . Since then, lynx occurrences in the Alpine countries have been monitored and regularly reported by this programme. Here we (1) review the status and the development of the lynx populations in the Alps, (2) analyse the biological and anthropogenic factors supporting or impeding the conservation of the species, and (3) discuss the practical and conceptual requirements for the recovery of a well-established lynx metapopulation across the Alps.
Methods
The first country-based status reports reviewed the development of lynx populations from reintroductions in the 1970s until 1995 1970s until (Breitenmoser et al., 1998 Č op & Frkovic, 1998; Huber & Kaczensky, 1998; Kaczensky, 1998; Molinari, 1998; Ragni et al., 1998; Stahl & Vandel, 1998) . These reports instigated the synchronized assessment and reporting of the distribution and conservation status of lynx in the Alps (Fig. 1a ). This joint approach revealed the need for a monitoring strategy with common data interpretation. Thus, common standards were defined for interpretation of the monitoring data (Molinari-Jobin et al., 2003) , and this standardized interpretation was introduced in the second country-based status reports during 1995 -1999 Fasel, 2001; Huber et al., 2001; Molinari et al., 2001; Molinari-Jobin et al., 2001; Stahl & Vandel, 2001; Staniša et al., 2001; Wölfl & Kaczensky, 2001) . The national status reports were then updated with data for 2000 (Fasel, 2006 Koren et al., 2006; Laass et al., 2006; Marboutin et al., 2006; Molinari et al., 2006; Molinari-Jobin et al., 2006; Wölfl, 2006) . The subsequent evaluation of population development and distribution of the lynx in the Alps was based on these status reports, in which the number and distribution of lynx signs collected within each country were presented.
We distinguish three categories of information in accordance with the guidelines of the Status and Conservation of the Alpine Lynx Population programme (Molinari-Jobin et al., 2003) based on the possibility of verifying the collected data. Category 1 data are reports of lynx killed or found dead, photographs of lynx, young orphaned lynx caught in the wild and placed in captivity, and scats that have been genetically identified. To improve comparability between countries we excluded photos of lynx obtained from camera trapping for capture-recapture estimations. Category 2 data are all records of livestock killed, wild prey remains and tracks reported by appropriately trained people. These records were mostly an objective proof of lynx presence. Category 3 data are all wild prey remains, scats and tracks reported by the general public as well as all sightings and vocalizations, i.e. all information that was not, or cannot be, directly verified. To estimate the extent of lynx occurrence we used a buffer of 5 km radius around Category 1 and 2 point data, resulting in an area of c. 80 km 2 for each point, which corresponds approximately to average female home range size in the Alps (Breitenmoser-Würsten et al., 2001) . This is similar to the French system, in which each observation is given a buffer of an 81 km 2 grid area of theoretical lynx presence made of nine 3 3 3 km squares centred on the location (Vandel & Stahl, 2005) .
To distinguish specifically between outliers (isolated observations probably of floating individuals) and clusters (assembled observations indicating a closed population) we also described the population range of the lynx using the 95% kernel area of the Category 1 and 2 data points (Worton, 1989; Seaman & Powell, 1996) , with a smoothing factor (also referred to as the bandwidth or h statistic, which controls how wide the probability mass is spread around a point and the smoothness or roughness of the density estimate) of 15,000. We excluded data from the Slovenian southern subpopulation from all range analyses as it lies outside the Alps according to the definition of the Alpine Convention (Fig. 2) . All spatial analyses were performed using the geographical information system ArcView v. 3.3 (ESRI, Redlands, USA). Regions referred to in the text are shown in Fig. 2 .
Results
For the evaluation of the development of the Alpine lynx metapopulation we compared data collected during 2000-2004 with data from 1995-1999. In 2000-2004 a total of 3,742 lynx signs were collected, compared to 2,580 in 1995-1999 (Table 1) , and 69% of all signs recorded were in Categories 1 and 2 ( Table 2 ). In Switzerland 30 dead lynx were reported and six orphaned juveniles were removed from the population ( Table 2 ). In Slovenia seven lynx were legally harvested, and in each of France and Austria one lynx was found dead. Most photos of lynx were from Switzerland, where many camera traps are used (e.g. to identify stock raiders). Livestock predation occurred in all countries where lynx are established, although the frequency varied from only two cases in Italy to 543 cases in Switzerland. The proportions of the various observation types were significantly different between countries (v 2 5 1058.3, df 5 12, P , 0.001, excluding Germany and Liechtenstein). In France 55% of all signs were from sightings, whereas in Austria 47% were from wild prey remains. Tracks made up 48% of all signs in Italy and 65% in Slovenia, whereas, in Switzerland, livestock predation, wild prey remains and sightings were reported with similar frequency. Whether these discrepancies are because of differences in monitoring systems or habitat features is not yet known.
In 2000-2004 the number of lynx signs was higher and the area occupied greater than in 1995-1999 (Table 1, Fig. 3) . These increases were partly explained by increasing monitoring effort (Marboutin et al., 2006; Molinari et al., 2006) . Nevertheless from 2000 to 2004 several additional isolated occurrences and range expansions occurred compared to 1995-1999 ( Fig. 4) . From the temporal and spatial distribution of lynx signs in the Austrian Kalkalpen National Park and the Niedere Tauern mountain range, Laass et al. (2006) concluded that more than one lynx occurs in both of these areas. In Switzerland the translocation of a total of 12 lynx to the north-east in (Ryser et al., 2004 A. Ryser, unpubl. data) , led to an Alps-wide 7% increase in the area occupied. Lynx signs in France are generally scattered but are more concentrated in the Chartreuse region close to the Jura Mountains and Maurienne (Marboutin et al., 2006) , and new observations have been reported (Marboutin et al., 2006) from the southern French Alps, indicating a possible southward expansion that still needs to be confirmed.
More than half of the signs were collected in Switzerland, although Switzerland only contains 15% of the Alps (Bätzing, 1997) . A kernel analysis of all signs illustrated that the most important area for lynx is in the north-western Alps (western Switzerland). There is a second nucleus in the south-eastern Alps (Italy and Slovenia), and four other areas of similar size (Fig. 4) . However, reproduction has only been reported in four areas: the north-western Alps (Molinari-Jobin et al., 2006 ), Friuli (Molinari et al., 2006 , north-eastern Switzerland (Ryser et al., 2004) and the Chartreuse region (Michallet, 2004) . There is no permanent lynx presence with reproduction between or outside these areas, and even single confirmed observations are rare ( Fig. 1c) .
In - than in 1995 - -1999 - (Koren et al., 2006 and, based on the kernel method, the area occupied in the northwestern Alps increased from 9,714 km 2 in 1995-1999 to 14,395 km 2 in 2000-2004, (Fig. 4) . Finally, after . 100 years of absence, the first sign of lynx was reported from Liechtenstein in 2004 (Fasel, 2006 but no signs of lynx were reported from the German Alps (Wölfl, 2006) .
2000
The 5-km buffer method suggests that the total area of lynx distribution increased from 13,870 km 2 in 1995-1999 to 20,650 km 2 in 2000-2004, whereas the 95% kernel method indicates that the area of lynx distribution increased from 11,000 to 27,790 km 2 . For 2000-2004 the number of independent lynx was estimated to be 60-90 in the Swiss Alps (Molinari-Jobin et al., 2006) , , 20 in both the French (Marboutin et al., 2006) and Italian Alps (Molinari et al., 2006) , 15 in the Slovenian Alps (Koren et al., 2006) and at least four in Austria (Laass et al., 2006) , giving a total of 120-150 across the Alps. This compares to an estimated 90-120 across the Alps in 1995 -1999 (Molinari-Jobin et al., 2003 . Unfortunately a comparison with data before 1995 is not possible as point observations were not then available (Fig. 1a) . KORA (2009) gives an update of the development of the metapopulation for the years 2005-2007.
Discussion
Combined interpretation and reporting of monitoring data are crucial for the assessment of the status of a lynx population stretching over several countries. We have demonstrated that, as long as data comparability is assured through a standardization process, it is possible to monitor the status of lynx consistently over a large area, heterogeneous landscapes and several countries with differing wildlife management systems. With a common terminology, assessment and data interpretation, we ensured data comparability. It is, nevertheless, difficult to estimate the area occupied in a highly fragmented area such as the Alps, where suitable lynx habitat (mainly well-forested areas) is interspersed with high alpine zones and densely populated valleys.
The uneven density of point observations may not only indicate differences in the number of lynx present but may also reflect monitoring effort. We thus used two different methods for estimation of the occupied area. The buffer method overestimates the area of permanent presence because it treats observations of transient lynx the same as observations of resident individuals. The kernel method results in a possible distortion of the area occupied because the more data collected in a given area, the more weight that area receives. Despite these biases, however, both methods showed a greater area occupied in 2000-2004 than in 1995-1999. Over the same period the estimated number of individual lynx increased by c. 30%. Thus, although these estimates are not fully independent (numbers being partly deduced from areas), it appears that both the area of occupancy and the number of individuals increased.
The largest Alpine subpopulation, in the north-western Alps, has about the same number of lynx as the neighbouring populations in the Dinaric and Jura Mountains and the Bohemian-Bavarian Forest (Fig. 2) . These reintroduced populations were all founded at least 25 years ago and each now has 75-130 mature individuals (Wölfl et al., 2001; von Arx et al., 2004; Capt, 2007; Marboutin et al., 2008) .
Lynx elsewhere in the Alps are few, sometimes only single individuals, and recolonization seems to have advanced extremely slowly. In the highly fragmented Alps, with many natural and anthropogenic barriers, lynx have proven to be poor colonizers. Although some of the isolated individuals may be the result of long-range dispersal, the average dispersal rate and distance is low in the Alps compared, for example, to Scandinavia (Andersen et al., 2003) . Almost 40 years after the first reintroduction , 20% of the Alps have been recolonized, despite considerable efforts at the international level to expand existing lynx areas (Table 3) . However, we do not yet know the natural expansion capacity of lynx in a fragmented landscape such as the Alps.
All Table 3 ). The Strategy was developed by the Status and Conservation of the Alpine Lynx Population expert group to provide conceptual guidance for the recovery of a viable lynx metapopulation across the Alps but has so far only been implemented in Switzerland (Table 3) , where a management plan was put into practice (Blankenhorn, 2003) and the expansion of the population was supported through translocations (Ryser et al., 2004) .
The implementation of active conservation measures in the range countries, even if they are implicitly or explicitly demanded by international treaties, is hampered by three factors. Firstly, there are different priorities regarding large carnivore policy. In Switzerland and parts of Slovenia lynx problems locally ranked high on the political agenda but the brown bear had higher priority than the wolf and lynx in Austria, the Italian provinces in the Eastern Alps and, recently, in southern Germany, and the wolf was the main challenge for France and in the western Italian Alps. Secondly, there is a lack of capacity and political means at the national level in federal countries, where regional institutions are the wildlife management authorities. Thirdly, there is a fear of triggering conflicts with land users such as hunters and livestock breeders over the return of lynx.
There are several reasons for the slow expansion of the lynx populations in the Alps, all associated with threats to the survival of individuals or subpopulations. We performed a threat analysis based on our joint experience and personal assessments ( Table 4) . We considered local habitat quality per se to be of little concern at present and in the near future compared to fragmentation of the habitat by barriers. The Alps are naturally and artificially fragmented. Highways act as boundaries between lynx home ranges or separate subpopulations and thus limit exchange of individuals (Breitenmoser-Würsten et al., 2001) . Although individual lynx can overcome almost any obstacle, for the population to spread across such a barrier and to settle on the other side a relatively high input, with repeated immigration from the source population, seems to be needed. Prey availability is probably not a limiting factor for re-colonization. However, locally high lynx abundance can lead to a depression of the main prey species, roe deer Capreolus capreolus and chamois Rupicapra rupicapra, leading subsequently to natural decreases in the lynx population and, as a consequence of conflict, illegal killing (Breitenmoser et al., in press) . Although confirmed information is limited, illegal killing occurs in all populations and was ranked first in our assessment ( Table 4) .
Managing this conflict with traditional land users is the key to lynx conservation. Lynx kill few livestock compared with other large carnivore species, and compensation and removal of problem individuals effectively mitigates this conflict (Stahl et al., 2001; Breitenmoser & Breitenmoser-Würsten, 2008) . The crucial conflict, however, is with hunters, who compete with lynx for game, and who fear that increased lynx abundance, or even their presence, diminishes ungulate game ( Table 4) . Resistance from hunters to the return of this potential competitor not only leads to illegal killing but is also the reason why regional authorities are reluctant to become involved in active conservation. Hence the mitigation of this conflict may also help to overcome the political deadlock.
A possible solution, which has been proposed by hunters' associations and wildlife managers, may be a controlled legal harvest of lynx to suppress uncontrolled and unmanageable illegal killing. Conservationists are opposed to such a solution because they fear undermining the strict legal protection and argue that there is no proof that a legal harvest will halt illegal killing. Andrén et al. (2006) observed that illegal killing also occurred in regions in Scandinavia where a legal harvest is allowed. They observed a negative correlation between the harvest quota and the number of lynx killed illegally but this correlation was not consistent for all study areas. Legal protection of lynx in central and eastern European countries, when they became members of the European Union and enacted the Habitats Directive, did not lead to population increases (Gregorová et al., 2001; Okarma & Olszanska, 2001) . We assume that strict legal protection of a conflict species such as lynx on a national or international level does generally not encourage local or regional politicians and administrators to implement conservation actions, as they do not have the authority to intervene when lynx abundance increases above a level tolerated by local land users.
The recovery of the lynx in the Alps requires an agreement on the long-term goals for the entire Alpine arc and the commitment of all countries. This, however, is not possible without an agreement at the national level with the appropriate administrative units. The approval of active conservation measures, such as translocations or reintroductions, by the subunits will depend on a consensus amongst regional, and even local, interest groups, which implies their 4 Assessment of identified and potential threats to the lynx population in the Alps by seven of the authors, and conservation actions recommended. We judged the threats independently according to the following scale: 1, not a risk for the lynx population at present or in the near future; 3, identified cause of individual losses but not a threat to the population on its own; 5, a potential risk at the population level; 2 and 4 are intermediate levels. Mean assessment (and range) is for n 5 7. For further details of the actions recommended, see the text. involvement in the planning process and an agreement not only on conservation but also on possible control measures.
In the Alps, with its high cultural and administrative diversity, this is a difficult political and practical challenge. A new opportunity to start this process is offered by the Guidelines for Population Level Management Plans for Large Carnivores (Linnell et al., 2008) , initiated by the European Commission to encourage countries sharing potential populations of large carnivores to develop mutual and transboundary management plans. Cooperation with neighbours will give greater management flexibility and freedom (Linnell et al., 2008) . The total expanse of habitat suitable for the recovery of lynx in many countries is too small to host a viable population. However, if the metapopulation can be managed across international borders 'favourable conservation status' could be obtained and cooperating countries will gain a certain flexibility in regard to local management decisions. Finally, is an active approach to conservation of the lynx in the Alps needed? The most difficult parameter to assess in the recovery of a species or population is time. Thirty years may not have been sufficient for lynx populations to spread further than what has so far been observed. However, we have noted several local fluctuations in numbers, each time leading to undesirable management conflicts, without an obvious expansion of the respective population. All reintroduced populations are based on a few founder individuals (Breitenmoser & Breitenmoser-Würsten, 2008) , and a considerable reduction of their genetic diversity through inbreeding and genetic drift is already obvious (Breitenmoser-Würsten & Obexer-Ruff, 2005) . Proactive measures for conservation and management of the lynx in the Alps seem to be the best solution for both the problems of the lynx and the problems with the lynx. The Status and Conservation of the Alpine Lynx Population expert group has established common monitoring principles across the Alps and will continue monitoring the development of the metapopulation. What is now needed, however, is a political commitment for the recovery of the Alpine lynx population, and this seems to be possible only if a compromise between the interest groups, mainly conservation organizations and hunters, can be achieved. 
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